Cytochrome P450 enzymes (CYP) are a group of monooxygenases able to biotransform several kinds of xenobiotics including aflatoxin B1 (AFB1), a highly toxic mycotoxin. These enzymes have been widely studied in humans and others mammals, but there is not enough information in commercial poultry species about their biochemical characteristics or substrate specificity. The aim of the present study was to identify CYPs from avian liver microsomes with the use of prototype substrates specific for human CYP enzymes and AFB1. Biochemical characterization was carried out in vitro and biotransformation products were detected by high-performance liquid chromatography (HPLC). Enzymatic constants were calculated and comparisons between turkey, duck, quail and chicken activities were done. The results demonstrate the presence of four avian ortholog enzyme activities possibly related with a CYP1A1, CYP1A2, CYP2A6 (activity not previously identified) and CYP3A4 poultry orthologs, respectively. Large differences in enzyme kinetics specific for prototype substrates were found among the poultry species studied. Turkey liver microsomes had the highest affinity and catalytic rate for AFB1 whereas chicken enzymes had the lowest affinity and catalytic rate for the same substrate. Quail and duck microsomes showed intermediate values. These results correlate well with the known in vivo sensitivity for AFB1 except for the duck. A high correlation coefficient between 7-ethoxyresorufin-Odeethylase (EROD) and 7-methoxyresorufin-O-deethylase (MROD) activities was found in the four poultry species, suggesting that these two enzymatic activities might be carried out by the same enzyme. The results of the present study indicate that four prototype enzyme activities are present in poultry liver microsomes, possibly related with the presence of three CYP avian orthologs. More studies are needed in order to further characterize these enzymes.
Introduction
In order to estimate the activity of individual cytochrome P450 enzymes (CYP) in tissue samples it is necessary to search for specific substrates metabolized by a specific enzyme (or group of enzymes). However, only few prototype substrates have been found and most of them are intended for human CYPs. 1 Although mammalian and avian CYPs are not strictly orthologs, some substrates, inhibitors and expression inducers have been found to work for both groups 2 and even for fish. 3 One of the most important advantages of using selective enzyme substrates is to be able to determine the role of an enzyme in a specific biochemical reaction. 4, 5 The use of this kind of molecules with differential specificities and the effect of these molecules on directed enzymatic reactions has been a useful tool to identify enzymes related with the biotransformation of certain xenobiotics, endogenous metabolites and drugs. [6] [7] [8] [9] A widely used strategy to identify an enzyme involved in a metabolic pathway is to correlate the prototype enzymatic activity with the target substrate molecule activity. [10] [11] [12] [13] In the same way, quantification of enzyme expression by immunoblot and correlation of the amount of protein expressed with the enzyme activity of interest has been used to characterize enzymatic activities. 14 The current knowledge about the role of poultry CYP enzymes in the metabolism of different xenobiotics and drugs is scarce. 15 Therefore it is necessary to find new methods and develop new tools in order to characterize enzyme expression and activity in these species. Among commercial poultry species only chicken 16 and turkey 17 genomes have been fully sequenced but there is still poor evidence of CYP genes and protein information in other avian species.
Of particular importance are the enzymes responsible for the bioactivation of compounds such as aflatoxin B1 (AFB1), a toxic compound produced by certain strains of Aspergillus flavus and A. parasiticus. This mycotoxin is bioactivated by CYP enzymes to a more toxic form called AFB1-8,9-exo-epoxide (AFBO) that causes deleterious effects on both poultry and human health. 18, 19 CYP1A, CYP2A6 and CYP3A enzymes have been reported as responsible for the bioactivation of AFB1 [20] [21] [22] [23] in humans. The aim of the present study was to identify human ortholog activities in liver microsomes of four poultry species by the use of human CYP prototype substrates and AFB1and to compare the K M and V max constants obtained.
Materials and Methods
Reagents AFB1, AFB2 α , TRIS, Tween 20, glucose 6-phosphate sodium salt, glucose 6-phosphate dehydrogenase, ethylenediaminetetraacetic acid (EDTA), bicinchoninic acid, copper sulfate, sucrose, glycine, NADP sodium salt hydrate, glycerol, bovine serum albumin, methoxyresorufin, α-naphthoflavone, 8-methoxypsoralen and 7-hydroxycoumarin were purchased from Sigma Chemical Co (St. Louis, MO, USA). Sodium chloride and magnesium chloride hexahydrate were from Mallinckrodt Baker (Phillipsburg, NJ, USA). Sodium dihydrogen phosphate monohydrate and di-sodium hydrogen phosphate anhydrous were from Merck (Darmstadt, Germany). Nifedipine and oxidized nifedipine were purchased from BDBiosciences (San Jose, CA, USA). Coumarin, ethoxyresorufin and resorufin sodium salt were purchased from MP Biomedicals (Solon, OH, USA). Methanol, acetonitrile, water and other solvents used in preparing mobile phases were all HPLC grade.
Liver samples
All experiments were carried out at 4ºC. Six healthy 6-week old quail (three males and three females), six healthy 6-week old chickens (three males and three females), six healthy 6-week old Pekin ducks (three males and three females) and six healthy 6-week turkeys (three males and three females) obtained from local commercial growers were euthanized and their livers extracted immediately, according to international policies and ethics. The livers were washed with cold PBS buffer (20 mM phosphates pH 7.4, 100 mM NaCl) and stored at -70ºC until processing.
Microsome extraction
For microsome extraction 5 g of frozen liver samples were carefully minced and homogenized with 10 mL of cold PBS buffer (20 mM phosphates pH 7.4 with 1 mM EDTA and 250 mM sucrose) for 30 s using a tissue homogenizer (IKA Ultra-Turrax, Staufen, Germany). The homogenate was then centrifuged at 10000 x g for 30 min at 4ºC. The supernatant (10 mL approximately) was collected and transferred to ultracentrifuge tubes kept at 4ºC and centrifuged for 90 min at 98,000 x g at 4 ºC. Supernatants (cytosolic fraction) were collected for further studies and the resulting pellet was resuspended in 3 mL of storage buffer (20 mM phosphate buffer pH 7.4, 1 mM EDTA, 250 mM sucrose and 20% glycerol) and aliquoted in microcentrifuge tubes. Aliquotes were stored at -70ºC until in vitro assays were carried out. An aliquot was used to determine the protein content by the bicinchoninic acid protein quantification method. 24 
Microsomal incubations
Microsomal incubations were carried out in 1.5 mL microcentrifuge tubes at 39ºC. Incubations contained 5 mM glucose 6-phosphate, 0.5 mM NADP + , 0.5 I.U. glucose 6-phosphate dehydrogenase, 2 µL of AFB1 or the different substrates dissolved in DMSO,20, 50, 75 or 100 µg of quail, turkey, duck and chicken microsomal protein, respectively and incubation buffer (50 mM phosphate buffer, pH 7.4, 5 mM MgCl and 0.5 mM EDTA) to a final volume of 250 µL. Organic solvent concentration did not exceed 1%. 25 Blanks were used to verify the possible inhibiting effects of DMSO. Reactions were stopped after 10 min of incubation with 250 µL ice cold acetonitrile 26 and centrifuged at 12,000 x g for 10 min. Depending on the specific detector response of the substrate and/or product from the incubation; dilutions of the supernatant were made before injection into the HPLC as described below.
Enzymatic activity of selected CYP prototype substrates
The following prototype enzymatic activities were determined using HPLC: 7-ethoxyresorufin-O-deethylase (EROD) for CYP1A1 and 1A2 (CYP1A1/2), 7-methoxyresorufin-Odemethylase (MROD) for CYP1A2, coumarin 7-hydroxylase for CYP2A6, and nifedipine oxidation for CYP3A4. The amount of product formed by each enzymatic activity was quantified using a Shimadzu HPLC Prominence System (Shimadzu Scientific Instruments, Columbia, MD, USA) equipped with a DGU-20A3 Degasser, an LC-20AB pump, a SIL-20A HT autosampler, a CTO-20A column oven, an SPD-20AV UV-Vis detector, an RF-10A XL fluorescence detector, and a CBM-20A bus module, all controlled by LC Solutions software. All separations were carried out with an Alltech Alltima HP C18 5 µm column, 150 mm x 3.0 mm (Alltech Associates Inc., Deerfield, IL, USA).
Chromatographic conditions
Determination of 7-ethoxyresorufin and its product resorufin (EROD activity) was carried out at room temperature, at a flow rate of 0.3 mL/min using an isocratic mobile phase consisting of 30% phosphate buffer (20 mM phosphate, pH 7.4) and 70% methanol. The analytes were monitored using fluorescence detection at excitation and emission wavelengths of 530 and 580 nm, respectively. The incubation supernatant was diluted 1:10 with water and 5 µL of the dilute sample were injected into the chromatograph.
The same conditions were used for the determination of 7-methoxyresorufin and its product resorufin (MROD activity), except that only 2 µL of the dilute sample were injected into the chromatograph.
Determination of coumarin and its hydroxylated metabolite 7-hydroxycumarin (CYP2A6 activity) was carried out at room temperature, at a flow rate of 0.4 mL/min using an isocratic mobile phase consisting of 30% acetonitrile and 70% water. The two compounds were monitored using fluorescence detection at excitation and emission wavelengths of 325 nm and 452 nm, respectively. Supernatants were diluted 1:100 with water and 5 µL of the dilute sample were injected into the chromatograph.
Determination of nifedipine and its metabolite oxidized nifedipine (CYP3A4 activity) was carried out at room temperature, at a flow rate of 0.5 mL/min using an isocratic mobile phase consisting of 32% acetonitrile and 68% water. The analytes were monitored by UV detection at 270 nm and 10 µL of the supernatant were injected directly into the chromatograph without further dilution.
AFB1-dhd and AFB1 identification was carried out at 40ºC, at a flow rate of 0.35 mL/min.
The AFBO production was monitored as the AFB1-dhd adduct, which was quantified using AFB2α as standard (given the similar spectral properties of AFB1-dhd and AFB2α). The compounds were separated using a linear gradient of A: water-0.1% formic acid and B: methanol-0.1% formic acid, as follows: 0 min: 30% B, 2 min: 30% B, 7 min: 55% B; 7.01 min: 30% B. The two analytes were monitored by fluorescence detection at excitation and emission wavelengths of 365 and 425 nm, respectively. A 1:100 dilution was made from which 2 µL were injected into the chromatograph.
Determination of enzymatic kinetic parameters
In order to estimate the relative K M and V max values of the selected CYP orthologs, each prototype substrate and AFB1 were incubated in three randomLy selected microsome samples from both male and female birds in duplicate. For EROD activity (CYP1A1/2) concentrations ranging from 4.8 to 0.3 µM of 7-ethoxyresorufin were used, for MROD activity (CYP1A2) concentrations from 5.88 to 0.36 µM of 7-metoxyresorufin were used, for coumarin 7-hydroxylase activity (CYP2A6) concentrations from 80 to 5 µM of coumarin were used, and for nifedipine oxidation (CYP3A4) concentrations from 71.0 to 4.4 µM of nifedipine were used. To investigate AFB1 epoxidation activity, concentrations from 256 to 16 µM of AFB1 were used.
Statistical analysis
The enzymatic parameters K M and V max were determined by nonlinear regression using the Marquardt method adjusting the data to Michaelis-Menten enzyme kinetics using the
, where v is the enzyme reaction velocity, [S] represents substrate concentration, V max represents maximal velocity and K M represents the MichaelisMenten constant. 27, 28 Nonlinear regression fitting was accomplished with the use of the following weighting function: ω = 1/yi α , where yi is the velocity for each substrate concentration and α the magnitude of relation between residuals and variance. 28, 29 The CYP mediated production of the different biotransformation products is expressed as the mean ± standard deviation of six birds (three males and three females). Comparisons were carried out between sexes and between species by a t-test with a significance level of 0.05. Pearson correlation coefficients were computed for EROD vs MROD activity in all species studied. Calculations were performed using the Statistical Analysis System software. 
Results
To compare activities between species, data from males and females were pooled since no significant differences between sexes were found. However, significant interspecies differences in enzyme kinetics by substrate were observed for several orthogonal comparisons (Table 1) . Figure 1 shows the enzymatic constants K M and V max and the enzyme kinetics for the four avian species studied. For AFB1 epoxidation, apparent K M and V max values ranged from 23 The highest AFBO production rate was observed for turkey microsomes, while chicken showed the lowest rate. Duck and quail presented intermediate values. EROD activity was also highest in turkey microsomes, while chicken showed the lowest EROD activity. Duck and quail again presented intermediate values. This same trend was also observed for MROD activity. In the case of 7-coumarin hydroxylation, the quail and duck CYP2A6 orthologs had the highest affinity for this substrate but coumarin 7-hydroxylation activity was significantly higher in quail than in duck microsomes. The chicken and turkey orthologs presented medium and low affinity for the same enzymatic activity, respectively. Quail nifedipine oxidation activity was the highest followed by turkey and duck; chicken presented the lowest activity.
EROD and MROD activities showed a similar trend in all species studied with higher enzyme constant values for the 7-methoxyresorufin-O-deethylation activity than for 7-ethoxyresorufin-O-deethylation activity. This finding prompted us to investigate the rela- tionship between these two enzymatic activities by correlating 7-ethoxyresorufin-Odeethylase activity against 7-methoxyresorufin-O-deethylase activity (Figure 2 ). Pearson correlation coefficients and P values for turkey, quail, duck and chicken microsomes were 0.88 (P=0.0001), 0.60 (P=0.0400), 0.95 (P=0.0000) and 0.84 (0.0006), respectively.
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Discussion
The results of the present study support the notion that phase I biotransformation by CYP enzymes plays a significant role in the large in vivo differences in susceptibility against the AFB1 observed among poultry species but that other variables must also play a role. For example, ducks are known for their extreme sensitivity to AFB1 in vivo and our results demonstrate that duck microsomes have a very high enzyme affinity for AFB1; however, the catalytic rate for AFBO production was lower compared to turkey or quail microsomes. These findings suggest that the extreme sensitivity of ducks to AFB1 cannot be explained solely on the basis of the bioactivation of AFB1 into AFBO (phase I metabolism). Future studies of enzymes involved in phase II metabolism are needed to elucidate and give a more precise explanation about the sensitivity shown by each poultry species against AFB1.
In regards to prototype substrate activities, studies with human liver microsomes have shown EROD activity K M and V max values of 0.162 μM and 0.028 nmol/mg protein/min, respectively; for MROD activity a K M value of 0.13 μM and a V max of 0.038 nmol resorufin/mg protein/min were reported. 31 These values are lower than those found in the present study for quail, turkey and duck liver microsomes but similar to those found for chicken liver microsomes. Our results also show that poultry enzymes have a much lower affinity for coumarin compared with human hepatic enzymes (K M =0.76 μM) but their catalytic rate is comparable to that of human liver microsomes (V max =0.39 nmol/mg protein/min). 32 The avian orthologs investigated showed a much lower nifedipine oxidation activity compared with human liver microsomes (V max =20.4 nmol/mg protein/min); 33 further, compared with the human CYP3A4 enzyme, which has been reported to have a K M value of 25.3 μM, 33 the enzyme affinity for nifedipine oxidation in the birds studied was similar to that of human in turkey microsomes (K M =22.70 μM), lower in duck microsomes (K M =32.60 μM) and higher in chicken (K M = 5.37 μM) and quail microsomes (K M =3.46 μM). This large variability in the avian CYP3A4 ortholog enzyme activity observed among the poultry species studied could have important implications from the therapeutic perspective since this enzyme is responsible for the biotransformation of about 70% of all drugs, at least in humans. 34 In addition to the biochemical evidence shown in the present study, some CYP homologous protein sequences have been reported in databases such as UniProtKB (http://www.uniprot.org) and the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov). In terms of similarity with the human counterparts, the turkey CYP1A5 has 61% homology compared with the human CYP1A1 and 62% homology compared with the human CYP1A2. Human CYP1A1 has a 62.4% homology compared with chicken CYP1A1 and 60% with chicken CYP1A4; human CYP1A2 and chicken 1A4 have 56% homology. In regards to members of the 3A subfamily, the human CYP3A5 has a 59% homology compared with turkey CYP3A37, human CYP3A4 a 59% homology compared with turkey CYP3A37, human CYP3A7 a 58% homology compared with turkey CYP3A37, human CYP3A43 a 56% homology compared with turkey CYP3A37 and human CYP3A4 a 61.1% homology compared with chicken CYP3A80. The presence of enzymatic activity and homologous sequences in both humans and poultry strongly suggests the existence of the CYP orthologs studied in the present study in poultry liver microsomes. To have a better understanding of the role of these enzymes on the bioactivation of compounds such as AFB1it is necessary to further characterize the genes that encode these proteins in all poultry species, specially the gene that encodes the CYP2A6 ortholog since there is no information about this gene in poultry. An interesting finding of the present study is the high correlation between EROD and MROD activities in all poultry liver microsomes studied. This close relationship suggests either the existence of an overlapping activity of two separate enzymes or that MROD and EROD activities are catalyzed by a unique CYP1A avian ortholog with different affinities and catalytic rates against each prototype substrate. This issue needs to be further investigated.
The results of the present study show CYP activity against prototype substrates used in human experiments suggesting the existence of avian CYP orthologs of the human enzymes studied. These results also confirm that the differences in sensitivity to AFB1 among poultry species can be partially explained by differences in the relative enzymatic properties of the CYP avian orthologs responsible for AFB1 bioactivation. 35 This study also shows that the turkey liver microsomes are the most efficient bioactivating AFB1 to AFBO, followed by quail, duck and chicken enzymes. In order to completely understand how AFB1 is biotransformed in avian species and how metabolism determines in vivo sensitivity it is necessary to further investigate phase I and specially phase II metabolism of AFB1 in poultry. 
